The introduction of apo-ferritin or the iron chelator DFO (desferrioxamine) conjugated to starch into the lysosomal compartment protects cells against oxidative stress, lysosomal rupture and ensuing apoptosis/necrosis by binding intralysosomal redoxactive iron, thus preventing Fenton-type reactions and ensuing peroxidation of lysosomal membranes. Because up-regulation of MTs (metallothioneins) also generates enhanced cellular resistance to oxidative stress, including X-irradiation, and MTs were found to be capable of iron binding in an acidic and reducing lysosomal-like environment, we propose that these proteins might similarly stabilize lysosomes following autophagocytotic delivery to the lysosomal compartment. Here, we report that Zn-mediated MT up-regulation, assayed by Western blotting and immunocytochemistry, results in lysosomal stabilization and decreased apoptosis following oxidative stress, similar to the protection afforded by fluid-phase endocytosis of apo-ferritin or DFO. In contrast, the endocytotic uptake of an iron phosphate complex destabilized lysosomes against oxidative stress, but this was suppressed in cells with up-regulated MT. It is suggested that the resistance against oxidative stress, known to occur in MT-rich cells, may be a consequence of autophagic turnover of MT, resulting in reduced iron-catalysed intralysosomal peroxidative reactions.
INTRODUCTION
Oxidative stress influences cells in a variety of ways, dose dependently and usually with a delayed onset of effects. A limited amount of oxidative stress often stimulates cell replication, while a little more results in growth arrest, DNA damage and reparative autophagocytosis. Moderate or advanced oxidative stress, finally, results in apoptosis or necrosis respectively [1, 2] . The up-regulation of many phase II proteins, including ferritin, heatshock proteins, MTs (metallothioneins) and thioredoxin, protects against oxidative stress-induced cellular injury [3, 4] . In spite of substantial research efforts concerning the underlying molecular mechanisms, it is, however, not yet generally understood, either how oxidative stress induces injury or how these impairments are counteracted by the above phase II proteins.
During the last 5-10 years, a growing number of reports have been presented in favour of the hypothesis that oxidative stressinduced cellular damage to a large extent is a function of lysosomal rupture, with release to the cytosol of potent cathepsins, other lysosomal hydrolases and low mass redox-active iron [2, [5] [6] [7] [8] [9] . Major reasons to believe that this is a correct view are findings that the quantity of damage is paralleled by the degree of lysosomal rupture, that lysosomal rupture induced by different mediators gives the same result and that lysosomal stabilizers eliminate the harmful effect of agonists that normally cause both lysosomal rupture and cell damage [2, 8, 10] .
Exposure of cells in culture to DFO (desferrioxamine), both of standard type and conjugated to starch [HMM-DFO (highmolecular-mass DFO)], or apo-ferritin, which are all taken up by fluid-phase endocytosis, effectively protects cells and lysosomes against oxidative stress, including X-irradiation, suggesting that lysosomal rupture and its consequences following such stress are effects of iron-catalysed peroxidation of lysosomal membranes. This hypothesis is strengthened by findings that minute concentrations of a lysosomotropic iron chelator, LAP (α-lipoic acid plus), is highly effective in the protection of cells and lysosomes against oxidative stress [2, 5, 11, 12] . Further support for the idea that lysosomal membranes are peroxidized over time following an oxidative attack, which by itself may be of short duration, is provided by the finding that the chain-breaking antioxidant vitamin E delays and partially protects against lysosomal destabilization [13] .
If we do assume that oxidative stress initiates most of its toxic effects by causing intralysosomal, iron-catalysed peroxidation with ensuing lysosomal rupture, obviously the concentration of lysosomal redox-active iron, and how it is regulated, must be considered of fundamental importance, even if other aspects of antioxidative defence, such as capacity to degrade H 2 O 2 , would be important as well. Low-mass iron occurs in the lysosomal compartment as a result of degradation of iron-containing metalloproteins, while its redox-active capacity is promoted by the acidic pH and reducing milieu of lysosomes [2, 5, 12, [14] [15] [16] . Autophagocytosis is a normal cellular activity by which organelles and most long-lived proteins are turned over. Exactly how autophagocytosis is regulated is unknown, but it may be partly a random process [17, 18] . In resting cells without much iron uptake from outside, a major part of the cytosolic labile iron pool may be derived from autophagocytotic turnover of iron-containing macromolecules with release of low-mass iron from autophagolysosomes to the cytosol [5, 12] .
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In cells with up-regulated ferritin, the autophagocytotic process would bring this iron-binding protein into the lysosomal compartment and make it less sensitive to oxidative stress by preventing iron from participating in Fenton-type reactions. Probably, autophagocytosed ferritin retains its iron-binding capacity for a while intralysosomally. As long as ferritin is not fully Fesaturated and is continuously autophagocytosed, it would work as a permanent intralysosomal iron chelator. The amount of cytosolic non-saturated ferritin would be reflected in the degree of lysosomal stabilization during oxidative stress [19] .
Perhaps some phase II proteins other than ferritin, up-regulated following oxidative stress, may also have iron-binding capacity. In the present study, we focused on MTs, a family of small (∼ 6-7 kDa), heat-resistant proteins containing 25-30 % cysteine residues that are evolutionarily highly conserved in a broad range of species from yeast to mammals. MTs are up-regulated by glucocorticoids, oxidative stress and a variety of heavy metals, such as copper, cadmium, mercury and zinc [20] . Isoforms range from MT-I to MT-IV and have slightly different amino acid composition. MTs bind metals and protect against their toxicity, as was first demonstrated in aquatic species, such as fish, arthropods and molluscs from contaminated waters [20] [21] [22] . Apart from binding heavy metals, MTs are considered to act as antioxidants, although by undetermined mechanisms. Thus MTs have been found to protect against apoptosis/necrosis induced by oxidative stress, etoposide, cisplatin, doxorubicin and X-irradiation [23] [24] [25] . Apo-MTs are effectively degraded by lysosomal cathepsins, while metal-conjugated MTs are more stable [26, 27] .
Here, we show that exposure of J774 cells in culture to 100 µM Zn for 12-24 h results in a substantial MT up-regulation and increased resistance to oxidative stress-induced apoptosis/ necrosis in parallel with enhanced lysosomal stability. Since MTs were found to be able to chelate low mass iron in a non-redoxactive form under acidic and reducing lysosomal-like conditions, we suggest that the decreased sensitivity to oxidative stress is a function of MT autophagocytosis, resulting in reduced concentration of lysosomal redox-active iron, less intralysosomal peroxidation and, consequently, diminished release of lysosomal apoptogenic factors to the cytosol.
EXPERIMENTAL

Chemicals
DMEM (Dulbecco's modified Eagle's medium), HBSS (Hank's balanced salt solution), FBS (fetal bovine serum), penicillin and streptomycin were obtained from Gibco (Paisley, U.K.). AO (Acridine Orange) base was from Gurr (Poole, Dorset, U.K.), while silver lactate was from Fluka AG (Buchs, Switzerland). Glutaraldehyde and SDS were from Bio-Rad (Cambridge, MA, U.S.A.), and ammonium sulphide, hydrochloric acid and quinol from BDH Ltd (Poole, Dorset, U.K.). DFO was from Ciba-Geigy (Basel, Switzerland) and DFO conjugated to starch (HMM-DFO) was a gift from Professor John W. Eaton 3 (resulting in the formation of an iron phosphate complex that is endocytosed and transported into the lysosomal compartment) followed by 1 h under standard conditions before exposure to oxidative stress.
Western blots
Control and Zn-treated cells were collected, washed in PBS, pelleted, resuspended in lysis buffer [62.5 mM Tris/HCl (pH 6.8), 10 % (v/v) glycerol and 2 % (w/v) SDS] and heated for 7 min at 95
• C. To some control cell suspensions, 1 µg of MT was added as an internal standard. Western blots for MTs were performed by the method of Mizzen et al. [28] . Briefly, equal amounts of protein (∼ 40 µg) were loaded on to an SDS/15 % polyacrylamide gel and transferred to a nitrocellulose membrane (Bio-Rad) with the addition of 2 mM CaCl 2 to the transfer buffer (25 mM Tris, pH 8.2). Membranes were then fixed in 2.5 % (v/v) glutaraldehyde for 1 h, washed in TBS (50 mM Tris/HCl and 150 mM NaCl; pH 7.5) (3 × 5 min) and incubated with mouse IgG anti-MT antibodies (1 µg/ml, 4
• C, overnight) in 0.1 % nonfat milk in TBS with 0.05 % Tween 20 after being blocked with 5 % (w/v) non-fat milk in TBS with 0.1 % Tween 20. Finally, membranes were incubated with HRP-conjugated secondary goat anti-mouse antibodies (1:1500; 20
• C; 60 min), and assayed with an ECL ® + (enhanced chemiluminescence plus) Western detection kit (Amersham Biosciences, U.K.). The antibodies were then stripped off the membrane by incubating for 1 h at 60
• C with 2 % SDS, 100 mM 2-mercaptoethanol and 62.5 mM Tris/HCl (pH 6.8) and membranes were reprobed with an anti-(Pan)Actin antibody to demonstrate equal loading of cell lysate.
MT immunocytochemistry
MT in cells pre-exposed to 100 µM ZnSO 4 for 12 h was detected immunocytochemically using mouse anti-MT antibodies. In brief, cells were fixed for 10 min at 4
• C in 4 % (w/v) paraformaldehyde in PBS. The fixed cells were washed with PBS and permeabilized with 0.1 % (w/v) saponin in PBS for 20 min. Cells were then incubated with 1 µg/ml mouse IgG anti-MT antibodies for 60 min in the dark, washed with 0.1 % saponin in PBS, exposed to the secondary antibody (FITC-conjugated anti-mouse IgG) and again washed in saponin buffer. Fluorescence was examined under a Nikon microphot-SA fluorescence microscope (Nikon, Tokyo, Japan) equipped with a Hamamatsu C4742-95 (Hamamatsu, Bridgewater, NJ, U.S.A.) digital camera. Cells were photographed using phase and transmitted light modes and results were analysed using Adobe Photoshop software.
Degradation of H 2 O 2
To ensure that the observed Zn-induced resistance to oxidative stress was not an effect of enhanced H 2 O 2 catabolism, the rate of H 2 O 2 clearance was determined. Control cells and cells pretreated with Zn (in concentrations described above) were exposed to a bolus dose of 100 µM H 2 O 2 in 2 ml of PBS at 37
• C. During a 60 min period, aliquots (50 µl) were sampled for H 2 O 2 analysis by the HRP-mediated H 2 O 2 -dependent p-hydroxy-phenylacetic acid oxidation technique [29] . Fluorescence intensity was read (λ ex = 315 and λ em = 410 nm) using an RF-540 spectrofluorimeter (Shimadzu, Kyoto, Japan) connected to a DR-3 data recorder.
Measurement of total thiols
Total cellular reduced thiols (including GSH and protein thiols) were measured by their reaction with DTNB [5,5 -dithiobis-(2-nitrobenzoic acid)], based on the method described by Boyne and Ellman [30] . Cells were washed three times in cold PBS 6 h after oxidative stress, and scraped and sonicated for 2 min. SDS (final concentration 5 %) and DTNB (final concentration 30 µM) were then added, and the samples were vortex-mixed and incubated while stirring at room temperature (22
• C) for 30 min. The absorbance was measured spectrophotometrically at 412 nm.
Lysosomal membrane stability assay
At 6 h after the oxidative-stress period (see above), cells were stained with 5 µg/ml AO in complete medium at 37
• C for 15 min, detached by scraping and collected for flow cytofluorimetric assessment. AO is a metachromatic fluorophore and a lysosomotropic base (pK a = 10.3), which becomes charged (AOH + ) and retained by proton trapping within acidic compartments, mainly secondary lysosomes (pH 4.5-5.5). When normal cells are excited by blue light, highly concentrated lysosomal AO emits an intense red fluorescence, while nuclei and cytosol show weak diffuse green fluorescence. Red fluorescence was measured (FL 3 channel) using a Becton Dickinson FACScan (Becton Dickinson, Mountain View, CA, U.S.A.) equipped with a 488 nm argon laser. Cells with a reduced number of intact, AO-accumulating lysosomes (here termed 'pale' cells), were detected as described earlier [5, 6, [10] [11] [12] . CellQuest software was used for acquisition and analyses.
Assessment of cell viability
Cell viability was assessed by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide) assay [31] . Briefly, appropriate controls and cells exposed to oxidative stress, with or without pretreatment with Zn, were washed and incubated with 0.5 mg/ml MTT in HBSS for 4 h. The crystals were dissolved in 10 mM HCl with 10 % SDS, and the absorbance was measured at 570 nm.
Apoptosis assays
DNA fragmentation assay
The Nicoletti DNA fragmentation assay is based on PI (propidium iodide) staining of nuclear DNA and was performed essentially as described in [32] . Cell pellets from individual dishes were resuspended in 1.5 ml of a hypo-osmotic and membranedisrupting solution of PI (50 µg/ml in 0.1 % sodium citrate with 0.1 % Triton X-100), kept in the dark overnight at 4
• C and the PI-induced red fluorescence of suspended individual nuclei was measured by flow cytofluorimetry using the FL 3 channel. Nuclei with partially degraded DNA were counted and their frequency was expressed as a percentage of the total number of analysed nuclei (10 000).
Assessment of caspase activation
Caspase activation associated with apoptosis was evaluated by microscopic analysis of living cells, according to the manufacturer's instructions, using an FITC-conjugated broad spectrum inhibitor of caspases, CaspACE TM FITC-VAD-FMK In Situ Marker, that irreversibly binds to activated caspases. Briefly, 7 h after oxidative stress, the marker was added to the medium at a final concentration of 10 µM, and cells were incubated in the dark for 20 min, rinsed three times in PBS (pH 7.4; 5 min in total), and observed, counted and photographed using the Nikon fluorescence microscope.
Assay of Fenton-type reactions under lysosomal conditions
In order to assay Fenton-type chemistry under lysosomal conditions (a reducing and acidic milieu, pH ∼ 5.0), and to find out whether MT might chelate iron under these circumstances, experiments were done in vitro using a modification of a technique described by Myhre et al. [33] . Briefly, ferric iron (10 µM) was partially reduced to its ferrous form by cysteine (100 µM) in 150 mM acetate buffer (pH 5.0). H 2 O 2 (100 µM) was added to initiate the production of hydroxyl radicals (HO • ). The latter oxidize H 2 DCF (non-fluorescent 2 ,7 -dichlorodihydrofluorescein; 5 µM) to fluorescent DCF (2 ,7 -dichlorofluorescein) [H 2 DCF was obtained by hydrolysing its acetate ester (H 2 DCF-DA)]. DMSO (10 %) and DFO (10 µM) were used to demonstrate the formation of HO
• and the involvement of iron respectively. Finally, MT at various concentrations was assayed for its ironchelating capacity. Fluorescence was measured in an FL600 Microplate Fluorescence reader (Bio-Tek, Winooski, VT, U.S.A.) at λ ex 485 nm and λ em 530 nm.
Cytochemical assay of lysosomal reactive iron
For evaluation of cellular low-mass iron, we used the 'autometallographic' sulphide-silver method as previously described [34] . Cells, grown on coverslips, were rinsed briefly in PBS (22
• C) prior to fixation with 2 % glutaraldehyde in 0.1 M NaOH/ cacodylic acid buffer with 0.1 M sucrose (pH 7.2) for 2 h at 22
• C. The fixation was followed by short rinses (5×) in glassdistilled water at 22
• C. Cells were then sulphidated at pH ∼ 9 with 1 % (w/v) ammonium sulphide in 70 % (v/v) ethanol for 15 min. Following careful rinsing in glass-distilled water for 10 min at 22
• C, development was performed using a physical, colloid-protected developer containing silver lactate. The reaction was performed in the dark at 26
• C for various periods of time (20-60 min). Following dehydration in a graded series of ethanol solutions and mounting in Canada balsam, the cells were examined and photographed, using transmitted light, under the Nikon microscope.
Statistical analysis
Results are given as means + − S.D. Statistical comparisons were made using ANOVA. P < 0.05 ( * ), P < 0.01 ( * * ) and P < 0.001 ( * * * ).
RESULTS
As expected, and in agreement with the findings of many others, cells exposed to Zn showed MT up-regulation over time, as demonstrated by Western blots (Figure 1 ). Immunocytochemistry was also used to show increased amounts of cellular MT following 12 h exposure to Zn (Figure 2) . In order to exclude the possibility that the effects of MT upregulation were due to non-specific Zn-induced enhancement of H 2 O 2 degrading capacity (e.g. increase of catalase and/or glutathione peroxidase), control and Zn-exposed cells were subjected to H 2 O 2 degradation studies. However, as shown in Figure 3(A) , both groups of cells degraded H 2 O 2 in a similar manner.
The total level of reduced thiols in Zn-exposed cells did not change compared with controls. When normal cells were sub- jected to H 2 O 2 , the thiol level decreased approx. 50 %, while preexposure of cells to Zn resulted in a slightly smaller decrease in thiols following oxidative stress, perhaps a result of reduced lysosomal break ( Figure 3B ).
To demonstrate that Fenton-type reactions would occur intralysosomally if H 2 O 2 diffused into this acidic and reducing compartment and came into contact with redox-active iron, and that MT would suppress such reactions, we assayed the production of hydroxyl radicals in vitro under lysosomal conditions. To allow the reduction of ferric iron to its ferrous form, we used the reducing amino acid cysteine, which occurs at high concentrations in lysosomes [16] , and the conversion of H 2 DCF into DCF as an indicator of hydroxyl radical production [33] . By the linear oxidation of H 2 DCF to DCF [before the reaction levelled off soon after 10 min when all cysteine was consumed (results not shown)], it was demonstrated that production of hydroxyl radicals took place (Figure 4 ). This was further substantiated by the decrease in the level of hydroxyl radicals in 10 % DMSO, which is a well-known hydroxyl radical scavenger when used at high concentrations. The importance of iron in redox-active form for Fenton-type reactions was demonstrated by the use of DFO in a concentration equimolar to iron. DFO is a chelator that binds all six co-ordinates of iron. In the final tests, it was found that MT prevents the production of hydroxyl radicals To induce production of HO
• , 100 µM H 2 O 2 was added to 150 mM acetate buffer (pH 5.0) containing 10 µM FeCl 3 and 100 µM cysteine. Suppression of fluorescence was observed by a high concentration of the well-known hydroxyl radical scavenger DMSO (10 %). The strong iron chelator DFO bound iron in equimolar concentration (higher concentrations did not add further protection; results not shown), which is in agreement with its capacity to bind all six co-ordinates of iron. MT was found to give maximum protection at a ratio to iron of 1:2 (higher concentrations did not add further protection; results not shown), suggesting that one MT molecule binds two atoms of iron. A representative experiment is shown.
and that one molecule of MT seems to bind two atoms of iron under the test conditions (Figure 4 ).
Since we have previously found that oxidative stress causes apoptosis/necrosis and DNA damage by inducing lysosomal rupture, with ensuing relocation of lytic enzymes and low-mass iron, we next wanted to see if the Zn exposure had any influence on lysosomal stability. Using the AO uptake method, increased lysosomal resistance to oxidative stress was indeed found to parallel the MT up-regulation. The number of cells with a reduced number of intact lysosomes ('pale' cells) following oxidative stress was significantly diminished in the 6-24 h Zn-exposed cells ( Figure 5 ). The results were the same if cells were exposed to oxidative stress directly after the end of Zn exposure, or if they were rinsed and returned to standard conditions for 1 h before oxidative stress, excluding a direct Zn-mediated stabilizing effect on lysosomal membranes (results not shown).
We then confirmed that the Zn-induced stabilization of lysosomes resulted in reduced cell death via apoptosis or necrosis, using three assays testing different parts of the cell death pathway. The Nicoletti assay showed that oxidative stress-induced DNA fragmentation increased over time after H 2 O 2 exposure, while Zn incubation was able to decrease this damage ( Figure 6A) . A fluorescent pan-caspase inhibitor was used to show that Zn incubation decreased caspase activation found after H 2 O 2 exposure by approx. 60 % ( Figure 6B) . Finally, the MTT assay, measuring an endpoint of cell death, showed that Zn incubation increased cell viability 8 h after H 2 O 2 exposure by 36 % (Figure 6C) .
To demonstrate the normal occurrence of lysosomal iron and the endocytotic uptake of a hydrated iron phosphate complex (obtained by adding 30 or 100 µM FeCl 3 to the medium), we used a modified (high pH; high S 2− ) Timm [34a] sulphide-silver method, an extremely sensitive cytochemical technique used to confirm the presence of free heavy metals. In most normal cells, the only free metal at any detectable concentration is iron. As shown (Figure 7) , the vast majority of free iron was detected as a strong perinuclear lysosomal-type pattern. Some cytosolic 'staining' also occurred. Following exposure to the iron phosphate complex, the lysosomal pattern became much more exaggerated.
Since lysosomal stability against oxidative stress would be a function of the magnitude of oxidative stress and the lysosomal content of redox-active iron, we then exposed cells to either the potent iron chelator DFO, conjugated to starch or not, or the above hydrated iron phosphate complex, allowing the endocytotic uptake and transport to the lysosomal compartment of these three compounds with antagonistic effects of oxidative stress on lysosomal stability [6] . The result was significantly greater lysosomal stabilization or destabilization respectively following oxidative stress. There was no difference between DFO and HMM-DFO, suggesting that both are taken up by fluid phase endocytosis. Zninduced MT up-regulation was still able to significantly reduce the enhanced sensitivity to oxidative stress generated by iron addition, indicating that autophagocytosed MTs are indeed able to bind low-mass iron and reduce its capacity to catalyse Fenton-type reactions (Figure 8 ).
DISCUSSION
The exposure of cells in culture to moderate concentrations of Zn ions is a well-known way to generate up-regulation of MTs [20, 21] . In the present study, confirming the results of others, it was found that exposure to 100 µM Zn (in the form of ZnSO 4 ) for 12-24 h significantly and time-dependently increased cellular MT. In parallel, cells became considerably less sensitive to oxidative stress, applied as a bolus dose of H 2 O 2 . Interestingly, and probably of great importance for the understanding of how MTs provide resistance to oxidative stress, it was also found that the obtained protection was paralleled by much increased Figure 6 Assessment of apoptosis and cell viability (A) The Nicoletti method for assaying apoptosis. After incubation with 100 µM Zn for 12 h, cells were exposed to a bolus dose of 100 µM H 2 O 2 for 30 min, followed by 6, 7 or 8 h under standard culture conditions. Cells were then scraped, centrifuged and resuspended in membrane-disrupting solution with PI. Following incubation overnight, the percentage of subdiploid nuclei was analysed by flow cytofluorimetry. Increased apoptosis was found in cells exposed to H 2 O 2 . Zn preincubation reduced this level. Results are expressed as means + − S.D. and represent a minimum of four experiments. Comparisons were made with control cells exposed to H 2 O 2 and assayed after another 6 h under standard conditions (third bar). (B) The CaspACE inhibitor method for assaying apoptosis. After incubation with 100 µM Zn for 12 h, cells were exposed to an initial bolus dose of 100 µM H 2 O 2 for 30 min, followed by 7 h under standard conditions. The cells were then exposed to 10 µM CaspACE inhibitor for 20 min at 37 Cells showed a distinct lysosomal pattern of black, granular silver precipitates, indicating the presence of concentrated lysosomal low-molecular-mass iron. In control cells (A), only a few granules were found, reflecting a limited number of autophagolysosomes with Fe-containing macromolecules under degradation, while cells exposed for 3 h to a hydrated iron phosphate complex [obtained by adding FeCl 3 to the culture medium to final concentrations of 30 µM (B) or 100 µM (C)] showed considerably more granules, reflecting fluid-phase endocytosis into late endosomes/lysosomes of the Fe complex. There was also a weak (A) or more substantial (B, C) yellowish diffuse colorization, reflecting the occurrence of cytosolic low mass iron (development time = 50 min).
lysosomal stability to oxidative stress. Exposing cells to Zn for just 1 h did not enhance lysosomal stability to oxidative stress, and Zn exposure followed by an additional hour under standard culture conditions did not diminish its protective effect, arguing against a direct lysosome-stabilizing effect of Zn.
As was previously pointed out, cellular damage following oxidative stress for the most part seems to result from lysosomal rupture due to intralysosomal iron-catalysed oxidative reactions causing peroxidation of lysosomal membranes. Lysosomes are very sensitive to oxidative stress and related rupture of these organelles, with release of a host of hydrolytic enzymes, seems to be an early event upstream of mitochondrial damage and ensuing apoptosis/necrosis [2, 5, 6, 11, 12, 19] . By allowing cells to endocytose apo-ferritin or the potent iron chelator DFO, either in pure form or after conjugation to starch, or exposing them to a lysosomotropic iron chelator, LAP, before the oxidative event, lysosomal rupture and resulting mitochondrial damage/ apoptosis/necrosis can be substantially prevented, whereas it is much enhanced if cells have endocytosed iron, for example a hydrated iron phosphate complex, before the oxidative event [5, 6, 11, 12, 19] .
The lysosomal compartment is a system of vacuoles that constantly fuse and fission, allowing its content to slowly be distributed throughout. From a physiological point of view, the compartment, by fusion with secretory vesicles pinched off from the Golgi apparatus, constantly receives new hydrolytic enzymes and, by fusion with autophagosomes and late endosomes, accepts intracellular and extracellular substrates respectively for degradation into building blocks, such as simple sugars and amino and fatty acids, which can be reutilized for synthesis of complex biomolecules after active or passive transport into the cytosol [35] .
Autophagocytotic degradation of cellular structures is an important turnover mechanism that will result in the release of lowmass, redox-active iron intralysosomally when iron-containing metalloproteins are degraded. Consequently, lysosomes constitute a compartment with a high concentration of low-mass iron [5, 12, 36] . From lysosomes, iron is transported to the cytosol, by mechanisms not yet fully understood, to become part of the cytosolic pool of labile iron. Especially in multiplying cells with active iron uptake, this pool is also augmented from late endosomes, which contain iron internalized by the transferrin receptormediated route. The pool is the iron source for various anabolic purposes [37] .
Low-mass iron is potentially redox-active. Since the lysosomal compartment is acidic (pH 4.5-5.5) and rich in reducing equivalents such as cysteine, iron would partly exist in ferrous form, capable of catalysing Fenton-type reactions [15, 16] . With this in mind, one may postulate that cellular sensitivity to oxidative stress would largely be a consequence of: (i) capacity to degrade H 2 O 2 , preventing this oxidant from diffusing into lysosomes in dangerous amounts during oxidative stress, (ii) amounts of intralysosomal low mass iron and (iii) the extent to which such iron is prevented from being in redox-active form. With respect to (i), it is clear that the high degree of sensitivity to oxidative stress shown by cells such as β-cells and insulinoma cells is a consequence of their low amounts of H 2 O 2 -degrading enzymes [38] . When it comes to (ii), the high sensitivity to oxidative stress seen following experimental lysosomal iron loading and in primary and secondary haemochromatosis [5, 12, 19, 39] may be an effect of iron-enriched lysosomes. Finally, considering (iii), the presence of intralysosomal iron-binding molecules and their lysosomal turnover may be of great importance.
Endocytosed or autophagocytosed ferritin survives for some time intralysosomally and may bind iron, unless it is not already saturated, thereby reducing lysosomal sensitivity to oxidative stress [19] . It is possible that autophagocytosis of thiol-rich proteins, for instance MTs, will do the same. MTs contain large numbers of -SH groups, which enable them to bind a variety of metals. Zn and Cd are most firmly bound, but Fe also forms MT complexes [24, [40] [41] [42] [43] . Furthermore, it has been demonstrated that Fe (just like any other metal bound by MT) induces MT [44, 45] . Consequently, we may expect that normal autophagocytosis of up-regulated cytosolic MTs would result in protection against oxidative stress by stabilizing lysosomes. This hypothesis is strongly supported by the findings in our study. The idea is also in agreement with results by Mello-Filho et al. [46] , who postulated that iron chelation by MTs might eliminate Fenton-mediated radical damage, and with the results of other groups, who showed proteolytic degradation of MTs by lysosomal cathepsins, but not by cytosolic proteolytic enzymes, suggesting that lysosomes are chiefly responsible for the turnover of MTs. It was also shown that apo-MT is quickly degraded by lysosomal proteases, while metal-conjugated MTs are surprisingly resistant, suggesting that autophagocytosed MT may remain intact for some time after binding iron [26, 27] . Thus it seems justified to suggest that autophagocytosed MTs should decrease intralysosomal Fenton-type reactions, giving exactly the effects on lysosomal stability that we have found. This idea receives further support from the findings by Pérez and Cederbaum [47] and Viarengo et al. [44] who showed that metal-induced up-regulation of MT does not induce nonspecific antioxidative defence systems. This is in agreement with our findings that reduced thiols are not increased and H 2 O 2 is not better degraded following Zn exposure. Therefore the observed stabilization of lysosomes points to an Fe-binding property of MT inside lysosomes.
As shown by our experiments done in vitro, Fenton-type reactions would take place under the acidic and reducing conditions that exist in lysosomes. As pointed out, lysosomes are rich in low mass iron and very sensitive to oxidative stress, indicating that some of their iron must occur in redox-active ferrous form. This is probably related to the presence in lysosomes of reducing equivalents, such as cysteine [16] .
Cys-SH + Fe 3+ → Cys-S • + Fe 2+ + H
+
We have previously shown that an endocytotic uptake of DFO and DFO conjugated to starch, HMM-DFO, with further transport to the lysosomal compartment, results in lysosomal resistance to oxidative stress [5, 6, 11] and, following on from these conclusions, DFO was now found to prevent Fenton-type reactions under lysosomal conditions, verifying that DFO is indeed able to bind lysosomal redox-active iron. The finding that MT, at a ratio to iron of 1:2, prevents Fenton-type reactions under acidic and reducing conditions shows that MT apparently is able to chelate iron intralysosomally, something that would occur after MT autophagocytosis.
Oxidative stress during apoptosis, and lysosomal involvement in the apoptotic process, is being increasingly recognized [2, [7] [8] [9] . Acquisition of resistance to apoptogenic agents seems to be a common event during malignant transformation, and highly malignant, therapy-resistant tumours often overexpress MTs, heat-shock proteins or thioredoxin [8, [48] [49] [50] . Since these proteins are probably turned over by autophagocytosis, it may be assumed that these and other -SH-rich proteins may express their antiapoptotic capacity by reducing intralysosomal oxidation and lysosomal membrane destabilization. Experiments are under way in our laboratories to further investigate this exciting possibility. 
